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H I G H L I G H T S
• A microchannel H2O–LiBr absorber using a microporous membrane is simulated.
• Sensitivity of cooling capacity/absorber volume to various parameters is evaluated.
• Parameters to be optimised at the design stage of the absorber are identiﬁed.
• Porosity, pore diameter, solution channels depth and membrane thickness are crucial.
• Vapour pressure and solution inlet temperature and concentration should be optimised.
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A B S T R A C T
A?plate-and-frame?microchannel?H2O–LiBr?absorber?using?a?microporous?membrane?as?contactor?
between?the?vapour?and?the?solution?is?simulated.?The?heat?and?mass?transfer?equations,?describing?
the?absorp-tion?of?the?vapour?phase?into?the?solution,?are?solved?for?different?membrane?properties?
and?for?variable?design?and?operating?conditions.?The?parametric?study?evaluates?the?sensitivity?of?
the?ratio?between?the?cooling?capacity?of?the?chiller?and?the?absorber?volume?(rqV)?to?changes?in?the?
following?parameters:?width?and?height?of?the?solution?and?cooling?water?channels;?concentration,?
temperature?and?mass?ﬂow?rate?of?the?solution;?temperature?and?mass?ﬂow?rate?of?the?cooling?
water;?porosity,?pore?diameter,?thickness?and?thermal?conductivity?of?the?membrane;?thickness?and?
thermal?conductivity?of?the?interface?wall?between?the?solution?and?the?cooling?water;?and?
temperature,?pressure?and?mass?ﬂow?rate?of?the?vapour.?At?the?design?stage?of?the?membrane?
absorber,?the?parameters?that?can?be?optimised?to?maximise?rqV?are?porosity,?pore?diameter,?
solution?channels?depth?and?membrane?thickness.?The?thickness?of?the?in-terface?wall?between?the?
solution?and?the?cooling?water,?as?well?as?the?solution?channels?width?should?be?also?taken?into?
account.?For?a?good?performance?during?the?operation?of?the?absorber,?special?care?should?be?taken?
to?select?the?adequate?vapour?pressure?and?solution?inlet?temperature?and?concentration.?
1. Introduction
Absorption cooling technology can contribute to the reduction
in CO2 emissions particularly in the case of the H2O–LiBr solution
since this system can be fed with low heat temperature sources such
as solar panels. However, its generalisation remains limited for small
cooling power applications. One of the main constraints for the de-
velopment of small air conditioning units using H2O–LiBr absorption
chillers is the size required, which is still, by far, larger than the size
of the conventional mechanical compression systems: volume to
refrigeration power ratio in single effect absorption chillers is in the
order of 0.04 m3/kW, without considering the volume occupied by
the cooling system, for refrigeration capacities between 10 and
30 kW, whereas mechanical compressor systems can have a ratio
equal to 0.02 m3/kW for the same range of refrigeration capacities
(García-Hernando et al. [1]). In order to increase the cooling ca-
pacity to volume ratio in absorption systems new absorber designs
have been investigated based in changes in the vapour–solution in-
terface conﬁguration bymeans of bubbles, sprays and droplets, liquid
jets and sheets, etc. The use of compact heat exchangers has also
been studied (Venegas et al. [2], de Vega et al. [3]). At present a prom-
ising new technology is considered, consisting in the use of
membrane contactors in microchannel heat exchangers.
Hydrophobic microporous membranes have already been used
as contactors in chemical absorption processes for CO2, H2S and SO2
removal from ﬂue gases or membrane distillation. Despite the
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E-mail address: mvenegas@ing.uc3m.es (M. Venegas).
1
addition of an extra mass transfer resistance caused by the
membrane, microporous ﬁbre membrane contactors present the ad-
vantage of a compact modular structure to provide larger interfacial
area per unit volume, independent control of vapour and liquid ﬂow
rates and easier scale up. In membrane refrigeration absorbers, the
microporous polymeric membrane can be used at the solution-
refrigerant vapour interface: surface tension prevents the
solution from entering the holes, while the vapour diffuses to the
solution surface through the pores. In this way, in the absorber,
the gaseous ﬂuid (typically ammonia or water vapour) passes the
membrane and it is absorbed by the solution (NH3–H2O or H2O–
LiBr respectively), ﬂowing inside constrained ﬂow passages. The
vapour pressure difference across the membrane is the driving force
for vapour mass transfer. The knowledge of the processes associ-
ated with the heat and mass transfer in absorbers using membrane
technology inmicrochannel heat exchangers is of primal importance
to improve the design and the potential for further size reductions.
We will focus our attention in water–lithium bromide systems.
Theoretical studies of Ali and Schwerdt [4,5] using the H2O–LiBr so-
lution, speciﬁed the characteristics of an appropriate membrane to
be used in the absorber. High thickness of the membrane, leads to
higher resistance to mass transfer while the mechanical stability
improves. The authors concluded that the layer thickness should
be up to 60 μm as a compromise between both constraints. In a sub-
sequent study, Ali and Schwerdt [6] concluded that a large pore
diameter combined with a porosity value of 0.8 leads to an almost
doubled water vapour ﬂux through the membrane compared to a
0.5 porosity value. With the aim of achieving higher vapour ﬂuxes
and taking into account the strength needed for the secure ﬁxa-
tion of themembrane inside the absorber, the authors recommended
that an appropriate membrane should have a porosity ranging
between 0.7 and 0.8.
Isfahani and Moghaddam [7] tested an absorber using a
superhydrophobic nanoﬁbrous membrane with nominal pore size
of 1 μm and 80% porosity. They obtained an absorption rate of about
0.006 kg/m2s, using channels of 100 μm thickness and a ﬂow ve-
locity of 5 mm/s. Isfahani et al. [8] presented permeability studies
of highly porous nanoﬁbrous membranes concluding that mem-
branes with a pore size greater than about 1 μm are valid for their
application in the absorber.
Yu et al. [9] numerically investigated the performance of a
membrane-based absorber using the H2O–LiBr solution obtaining
higher absorption rates compared to conventional absorbers. They
showed that the reduction in ﬁlm thickness from 150 to 50 μm, and
high solution velocities provided large increases in the absorption
rate. Bigham et al. [10] showed that mass transport in the micro-
ﬁlm solution could be improved by the implementation of micro-
scale features on the ﬂow channel surface. Recently a review of
membrane contactors applied in absorption refrigeration systems
has been presented by Asfand and Bourouis [11].
Taking into account the literature review, in order to reduce the
absorber volume in water–lithium bromide systems, detailed studies
about the role of the relevant design and operating parameters in
the absorption process are still necessary. In a previous paper [12],
a model to predict the absorption rate, the heat and mass transfer
coeﬃcients, as well as the properties of the working ﬂuids along
the absorption channels of a membrane absorber was developed.
This model was validated using experimental data of Isfahani and
Moghaddam [7]. In that paper, the inﬂuence of the solution and
cooling water channels aspect ratios on the performance of the ab-
sorber was also evaluated. In the present investigation, the model
developed in [12] has been modiﬁed to take into account the dif-
ferent regimes occurring for the varying conditions of the possible
conﬁgurations in a microchannel absorber. The parametric study
is performed to evaluate the relative and absolute inﬂuence of ge-
ometrical, physical properties and operating variables on the ratio
between the cooling power of the chiller equipped with the simu-
lated absorber and the volume of this absorber. Results obtained
can be used to optimise the design and operation of membrane ab-
sorbers, with the principal aim of reducing the chiller size.
2. Absorber conﬁguration
The conﬁguration considered for the absorber in the present study
is shown in Fig. 1. It is a plate-and-frame membrane module, con-
sisting of a vapour channel, the porous hydrophobic membrane that
separates the vapour from the solution and the cooling water chan-
nels separated by a wall from the solution. Water–lithium bromide
solution is used. In this conﬁguration one surface of the mem-
brane is in direct contact with the vapour and the other side is in
contact with the solution. Due to the hydrophobicity of the mem-
brane, the aqueous solution cannot enter the pores. Vapour is
transported through the membrane pores and it is absorbed on the
vapour–liquid interface at the solution side of the membrane. The
difference between partial vapour pressures is the effective driving
force for vapour transport. The heat of absorption is to be removed
from the vapour–liquid interface in the solution side. This is the
reason why the cooling channels are also considered.
The membrane resistance to the vapour transport depends on
the size and tortuosity of the membrane pores, and on the poros-
ity and thickness of the membrane. The selection of a suitable
membrane is crucial because the overall mass transfer of a contactor
can be signiﬁcantly affected by themembrane properties. The effects
of these parameters on the absorption performance are compared
in the parametric study presented in the following. The boundary
layer mass transfer coeﬃcient in the solution depends on the prop-
erties of the solution and on the hydrodynamic conditions of the
system. These conditions are also varied and their inﬂuence in the
absorber performance is presented.
The base case geometry and operating conditions of the ab-
sorber are given in Table 1. These could correspond to the absorber
working in a chiller with the pressures, temperatures and concen-
trations in the generator and the evaporator as shown in Table 2,
considering that the solution temperature at the outlet of the ab-
sorber is equal to the condensation temperature.
3. Heat and mass transfer model
Our model is based in the dusty-gas model [13] (for the vapour
mass transfer through the membrane) and the ﬁlm theory: the heat
and mass transfer equations are described in terms of the
Vapour channel
Soluon 
channels
Cooling water 
channels
Membrane
Wall
ls lcw
lv
Fig. 1. Cross section of the plate and frame membrane-based absorber.
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corresponding mass and heat transfer coeﬃcients. These equa-
tions are combined with the global energy and mass balances to
predict the performance of the absorber.
The absorber is discretised in “j” differential elements as shown
in Fig. 2. Using the inlet conditions, the variables at the outlet of
the element “j” are calculated.
3.1. Energy and mass balances
A global energy balance, comprising the heat generated by the
absorption of a mva mass ﬂow rate of vapour, in the differential
element j can be written as:
m i q q qva lv
j
s
j
v
j
cw
j( ) = + + (1)
Right terms in Eq. (1) are related to the heat transferred to the
solution, vapour and cooling water respectively. These can be cal-
culated, for parallel ﬂow, as:
q m i m isj s
j
s
j
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q m i m ivj v
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v
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q m i i m Cp T Tcwj cw cwj cwj cw cwj cwj cwj= −( ) = −( )+ + 1 1 (4)
Mass rate balances for solution and vapour give the mass ﬂow
rates in the differential element j+1:
  m m msj sj vaj+ = +1 (5)
  m m mvj vj vaj+ = −1 (6)
Mass fraction of lithium bromide in the solution is calculated by:
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m
m
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
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Left term in Eq. (1) corresponds to the thermal power released
during absorption of the vapour ﬂow rate mva into the solution. This
mass ﬂow rate is calculated as:
m J Avaj j= ⋅ (8)
where A is the heat and mass transfer area:
A l dzs= ⋅ (9)
and J is the absorption rate:
J
P P
R
j v s
j
ov
j
=
−
(10)
Pv and Ps are the bulk vapour pressure and the water vapour
partial pressure corresponding to the bulk solution concentration
(x) and temperature (Ts), according to Ali [14]. Rovj is the overall mass
transfer resistance.
3.2. Resistance-in-series model for the mass transfer process
The vapourmass transport can be described as a two step process
(Fig. 3): (1) transport through the membrane, (2) transport through
the concentration boundary layer on the solution side. It can be seen
that the vapour works with two resistances in series, i.e. mem-
brane (Rm) and liquid phase boundary layer (Rs). Hence, a resistance-
in-series model can express the total resistance, Rov, deﬁned as the
reciprocal of the overall mass transfer coeﬃcient, Kov:
R R R
K
ov
j
m
j
s
j
ov
j
= + =
1 (11)
Table 1
Base case data considered for the parametric study, corresponding to the schemes
of the absorber represented in Figs. 1 and 2.
Parameter Value
Porosity, ε 0.8
Pore diameter, dp (μm) 1
Membrane thermal conductivity, km (W/mK) 0.22
Membrane thickness, em (μm) 60
Total cooling water mass ﬂow rate, mcw T, (g/s) 0.5
Total solution mass ﬂow rate at the inlet, ms T, (g/s) 1
Wall thermal conductivity, kw (W/mK) 10
Wall thickness, ew (mm) 2.7
Cooling water inlet temperature, Tcw (°C) 27
Solution inlet temperature, Ts (°C) 32
LiBr mass fraction at the inlet, x 0.6
Vapour mass ﬂow rate at the inlet, mv (g/s) 0.0032
Vapour inlet superheating, ΔT (°C) 0.03
Vapour pressure, Pv (kPa) 1
Solution channel width, ls (mm) 1.5
Solution channel height, es (mm) 0.15
Cooling water channel width, lcw (mm) 1.5
Cooling water channel height, ecw (mm) 0.15
Vapour channel height, ev (mm) 5
Solution channel centre-to-centre distance, ws (mm) 1.6
Cooling water channel centre-to-centre distance, wcw (mm) 1.6
Vapour channel aspect ratio, αv 4
Length of channels, L (mm) 50
Discretisation length, dz (mm) 0.22
Table 2
Operating data of the absorption chiller.
Absorber Generator Evaporator
Ts i, °( )C 30 Ts o, °( )C 75.7 Te °( )C 7
Pa (kPa) 1 Pg (kPa) 4.7 Pe (kPa) 1
x s i, (%) 60 x s i, (%) 58.6 mv (g/s) 2.3·10−3
ms i, (g/s) 0.1
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Fig. 2. Differential element of the absorber.
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Fig. 3. Mass transfer resistances in the absorber.
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Depending on the value of the Knudsen number, Kn (deﬁned as
the ratio of the molecule mean free path to pore characteristic di-
ameter), different mechanisms by which vapour may be transported
through the membrane are established: (i) Knudsen diffusion,
(ii) viscous ﬂux (Poiseuille ﬂow) and (iii) transition ﬂow. The dusty-
gas model assumes that the Knudsen diffusion resistance RK is in
parallel with the Poiseuille ﬂow resistance RP, as shown in Fig. 3,
obtaining:
1 1 1
R R R
K
m
j
K
j
P
j m
j
= + = (12)
For each of these regimes, the transport resistance can be cal-
culated as follows:
1. When Knudsen is large (Kn ≥ 10), collisions between molecules
and pore wall are dominant and the gas transport takes place
via Knudsen ﬂow, for which the mass transfer coeﬃcient can be
calculated as:
K
M
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K
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=
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⎠⎟ (13)
where:
D
d R T
M
e
K p u m
=
⎛⎝⎜ ⎞⎠⎟
ε
τ π3
8 0 5.
(14)
2. When the Knudsen number is small (Kn < 0.01), collisions
between gas molecules dominate and viscous or Poiseuille ﬂow
occurs, resulting in rapid convective transport, and themass trans-
fer coeﬃcient can be evaluated as:
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where B dp0 32
2
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τ
3. In between, the ﬂow can be considered a transition ﬂow, and
themass transport coeﬃcient according to the resistance analogy
can be written as:
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In Eqs. (13) and (15), M is the molecular weight of water, em is
the membrane thickness and Ru is the universal gases constant. In
Eq. (15), μv refers to the vapour viscosity. In Eqs. (14) and (15), ε
and τ are the porosity and tortuosity of the membrane, respective-
ly. Tortuosity of the membrane is calculated as a function of the
membrane porosity, according to Iversen et al. [15]:
τ
ε
ε
=
−( )2 2 (17)
For the current parametric study, Knudsen number ranges
between 8 and 46. Consequently, transitional regime or free mo-
lecular ﬂow occurs through the membrane along the absorber.
Resistance to mass transfer inside the bulk solution Rs can be cal-
culated according to Ali and Schwerdt [5], as:
R
P
K
s
j sat
j
water
j
s
j
=
ρ
(18)
where Psat is the saturated water pressure corresponding to the bulk
solution temperature, ρwater is the liquid water density and Ks is the
mass transfer coeﬃcient between the solution–vapour interface and
the bulk aqueous solution. Mass transfer coeﬃcients are generally
obtained using correlations for the Sherwood number, which con-
tains the mass transfer coeﬃcient, as a function of the Reynolds
number and Schmidt number. Nevertheless, a suitable correlation
for mass transfer in microchannels has not been found in the open
literature. For this reason, the mass transfer coeﬃcient of the so-
lution is calculated using mass and heat transfer analogy, by means
of correlations previously described by Lee and Garimella [16] for
the thermal entrance region and Shah and London [17] for fully de-
veloped ﬂow.
3.3. Heat transfer
The present model considers that heat is transferred from the
bulk solution channel (where absorption takes place) to both cooling
water and vapour channels. The heat transfer can be described by
the corresponding convection and conduction resistances in series.
The following relations apply:
q U A T Tcwj s cwj sj cwj= −( )_ (19)
q U A T Tvj s vj sj vj= −( )_ (20)
where the global heat transfer coeﬃcients in Eqs. (19) and (20) are
calculated as:
1 1 1
U h
e
k hs cwj cwj
w
w
j
s cw
j
_
= + +
, *
(21)
1 1 1
U h
e
k hs vj vj
m
m ave
j
s v
j
_
= + +
, , *
(22)
Two different models have been considered to evaluate the
average thermal conductivity of the membrane km,ave:
• The classical parallel model, as given in Martínez and Rodríguez-
Maroto [18]:
k k km ave v m, = + −( )ε ε1 (23)
• The Maxwell’s model (Type I), described by García-Payo and
Izquierdo-Gil [19]. Based on their experimental study using PVDF
and PTFE membranes, they recommend the following expres-
sion for highly porous membranes:
k km ave v, =
+
−
⎛
⎝⎜
⎞
⎠⎟
1 2
1
βϕ
βϕ (24)
where:
β = −
+
k k
k k
m v
m v2
(25)
ϕ ε= −1 (26)
In Eqs. (23)–(25), kv is the thermal conductivity of the vapour
inside the membrane pores, while km is the thermal conductivity
of the membrane solid material. Both correlations were imple-
mented in the present model of membrane absorber and no
signiﬁcant change was observed in the results. This is a conse-
quence of the low relative contribution of the membrane thermal
conductivity to the heat and mass transfer processes in the ab-
sorber, as it will be shown in the last section of this paper.
In Eqs. (21) and (22), the convection heat transfer coeﬃcients
along the solution, cooling water and vapour channels have been
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calculated taking into account the existence of the thermal en-
trance region and the fully developed ﬂow. Correlations to be used
were selected also considering the dimensions of the channels.
In the case of the solution and cooling water channels, equa-
tions of Lee and Garimella [16] for microchannels were used to
estimate the length of the thermal entrance region and the con-
vection heat transfer coeﬃcients here. This correlation has the
advantage, with respect to others available in the open literature,
of allowing the estimation of the heat transfer coeﬃcient as a func-
tion of the position along the channel. Also, it covers a broad range
of aspect ratios and hydraulic diameters. The Nusselt number in the
entry region is calculated as:
Nu
C z C
C z zth C th= ( ) + + <≤ ≤
1
1 10
1 3
42*
*for, , *α (27)
The dimensionless length of the thermal entrance region zth* and
equations for calculating C1–C4 can be found in Lee and Garimella
[16].
Convection heat transfer coeﬃcients along the microchannels
for the fully developed ﬂowwere obtained using the correlation de-
veloped by Shah and London [17]. This correlation is valid for
rectangular channels:
Nu = − + − + −⎛⎝⎜ ⎞⎠8 235 1
2 0421 3 0853 2 4765 1 0578 0 1861
2 3 4 5
.
. . . . .
α α α α α
⎟ (28)
In the case of the solution channel, the effect of mass transfer
on heat transfer was taken into account using a modiﬁed heat trans-
fer coeﬃcient. Coeﬃcients obtained using Eqs. (27) and (28) were
corrected, multiplying them by the Ackermann factor (Taylor and
Krishna [20]):
Ξ ΦΦ=
−e 1
(29)
where the heat transfer rate factor Φ is deﬁned as:
Φ = ⋅ ⋅J Cp e kv s v (30)
The modiﬁed convection coeﬃcient for heat transfer from the
solution to the cooling water channel is incremented because mass
transfer is taking place in the same direction of heat transfer. In the
case of heat transfer to the vapour channel the coeﬃcient is reduced
because the processes occur in opposite directions.
The vapour channel is a conventional rectangular channel with
Dh v, = 8mm and αv = 4 . In this case, the dimensionless thermal
entry length, Nusselt number in this developing region and Nusselt
number in the thermally developed ﬂow are calculated using the
correlations derived by Venegas et al. [12]. Correlations for the
thermal entrance and fully developed ﬂow regions are respectively:
Nu z zth v v v, ( * . * .)= − ⋅ + +−3 10 0 0307 5 29015 2 (31)
Nuv
v v
= − + +
0 037 0 7639
2 8036
2
. .
.
α α
(32)
The solution of the heat and mass transfer problem along the
channels cannot be explicitly determined from Eqs. (1) to (32). For
this reason, the above set of equations should be solved itera-
tively. They have been compiled in a computer code developed by
the authors using Engineering Equation Solver software, EES™ (Klein
[21]). Fig. 4 shows the ﬂowchart used to implement the heat and
mass transfer models.
Some thermodynamic and transport properties of the working
ﬂuids are calculated using correlations available in EES™. The ther-
modynamic properties of the water–lithium bromide solution are
calculated using correlations developed by Patek and Klomfar [22].
EES™ uses for water the correlation of Harr et al. [23]. The viscos-
ity and thermal conductivity of the water–lithium bromide solution
are computed using correlations provided by Lee et al. [24] and
DiGuilio et al. [25], respectively. The transport properties of water
are calculated using equations of the Electrical Research Associa-
tion [26]. Newer correlations are available for the thermal
conductivity and viscosity of water (Huber et al. [27,28]), but neg-
ligible differences are obtained between the use of these correlations
or the ones in [26] for liquid water and vapour at typical operat-
ing conditions in the absorber. As no signiﬁcant error is introduced
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Fig. 4. Flowchart for simulating the heat and mass transfer process along the absorption channel.
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in the results using the correlation deﬁned in EES™ for transport
properties of water, this is the one employed in our model.
The following transport properties were not calculated with cor-
relations available in EES™:
• The diffusion coeﬃcient of water in the water–lithium bromide
solution has been calculated using the equation described by
Mittermaier et al. [29].
• The thermal conductivity selected for the membrane in the base
case was 0.22W/mK, the same value used by Ali [14].
• The thermal conductivity of the metal wall was assumed to be
10W/mK. This is a typical value for corrosion-resistant metals
and alloys according to Chawla and Gupta [30].
4. Results and discussion
4.1. Model validation
Validation of the model has been performed comparing the ab-
sorption rate predicted with the experimental data reported by
Isfahani and Moghaddam [7]. In the experimental case, the solu-
tion and cooling water channels measure 1 and 4 mm in width
respectively. The solution channel of 0.16 mm height was used for
the validation. The cooling water channel height was 0.4 mm. An
important issue is that the correlations used in the present model
remain valid in all the cases.
Fig. 5 shows a comparison between the absorption rate pre-
dicted by the model, using the data of Isfahani and Moghaddam [7],
and their experimental results. The ﬁgure shows the combined in-
ﬂuence of the solution mass ﬂow rate and the vapour pressure on
the absorption rate. Experiments and simulation agree well. The
almost similar trends show the good prediction of the model con-
cerning the vapour pressure increase inﬂuence: the absorption rate
increases because the vapour pressure potential rises. As ob-
served, the increase of the solutionmass ﬂow rate also tends to boost
the mass transfer.
The mean absolute error of the model predictions respect to all
experimental data represented in Fig. 5 is 5.8%. This low differ-
ence demonstrates the value of the model to perform a good
prediction of the miniaturised membrane-based absorber perfor-
mance. Also, it allows evaluating the inﬂuence of individual
parameters on the absorption rate.
4.2. Parametric study
A base case has been considered for the simulation. Design data
and operating variables corresponding to the base case are de-
scribed in Table 1. The dimensions and parameters in Table 1 were
kept constant for all the cases of the parametric study unless oth-
erwise stated. The changed parameters includemembrane properties,
microchannels characteristics, mass ﬂow rates, concentration, pres-
sure and temperatures of the working ﬂuids. Table 3 provides the
range covered by the parameters evaluated.
The parametric study is intended to minimise the absorber
volume, with the ﬁnal objective of reducing the size of absorption
cooling chillers. The variable used to evaluate the absorber com-
pactness is the ratio between the cooling power of the chiller
equipped with it and the absorber volume, rqV. The objective is
maximising the value of rqV.
r q VqV
chiller
a
= (33)
With the aim of providing general data about the absorber per-
formance, Table 4 shows the solution temperature, saturation
pressure and LiBr mass fraction at the outlet of the absorber, for
typical operating conditions at the inlet. Fig. 6 shows the evolu-
tion of the same properties along the absorption channel, for the
second case represented in Table 4. The rest of operating and design
data are identical to those described in Table 1.
Figs. 7–13 show the sensitivity of rqV to the different param-
eters analysed in the present study. Table 3, as a summary, provides
the maximum percentage change in rqV, when each of the param-
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Fig. 5. Absorption rate as a function of the solution mass ﬂow rate and the vapour
pressure (Pv). Comparison between model and experimental results of Isfahni and
Moghaddam [7].
Table 3
Range of the parameters considered and maximum percentage increment and de-
crease obtained in rqV respect to the base case.
Parameter Range Increment
(%)
Decrease
(%)
Porosity, ε 0.5–0.9 18.17 −58.13
Pore diameter, dp (μm) 0.3–1.5 18.97 −51.89
Membrane thermal conductivity,
km (W/mK)
0.1–0.3 0.01 0.00
Membrane thickness, em (μm) 50–210 8.39 −54.36
Total cooling water mass ﬂow rate,
mcw T, (g/s)
0.4–1.6 2.27 −0.67
Total solution mass ﬂow rate at the
inlet, ms T, (g/s)
0.4–1.6 7.08 −11.48
Wall thermal conductivity, kw (W/mK) 8–24 2.90 −0.95
Wall thickness, ew (mm) 0.6–3 35.58 −3.63
Cooling water inlet temperature,
Tcw (°C)
20–32 12.14 −10.13
Solution inlet temperature, Ts (°C) 30–50 8.04 −77.42
LiBr mass fraction at the inlet, x 0.54–0.62 10.73 −63.75
Vapour mass ﬂow rate at the inlet,
mv (g/s)
0.004–0.012 0.05 −0.04
Vapour inlet superheating, ΔT (°C) 0–8 0.01 −0.82
Vapour pressure, Pv (kPa) 0.8–1.6 85.1 −29.15
Solution channel width, ls (mm) 0.15–1.5 0.00 −31.80
Solution channel height, es (mm) 0.15–1.5 0.00 −66.88
Cooling water channel width, lcw (mm) 0.15–1.5 0.00 −0.19
Cooling water channel height, ecw (mm) 0.15–1.5 0.00 −17.34
Table 4
Conditions at the outlet of the absorber for different operating data.
Inlet operating conditions Outlet conditions
Ts i, °( )C ms i, (g/s) Tcw i, °( )C Ps o, (kPa) Ts o, (°C) x s o, (%)
30 0.1 20 0.34 27.1 58.2
30 0.1 30 0.52 34.0 58.8
30 0.4 20 0.30 28.1 59.5
40 0.1 20 0.35 27.6 58.3
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eters is modiﬁed, relative to the result of the base case tabulated
in Table 1.
Fig. 7 represents the combined inﬂuence of membrane porosi-
ty and pore diameter on rqV. As it is observed, the higher both
variables are, the higher the ratio rqV. However, maximum porosi-
ty of commercial membranes is around 85% (Merckmillipore [31]),
and maximum pore diameter is limited to avoid aqueous solution
penetration into the membrane pores, as discussed by Ali and
Schwerdt [5].
The membrane material, characterised by its thermal conduc-
tivity, has a negligible inﬂuence on the absorber dimensions. The
range evaluated in this study, from 0.1 to 0.3 W/mK, covers typical
thermal conductivities of polypropylene (PP), polyvinylidene ﬂu-
oride (PVDF) and polytetraﬂuoroethylene (PTFE). These are possible
materials to be employed inmembrane absorbers (Ali [14]). However,
the membrane thickness is a very important parameter, as ob-
served in Fig. 8. When it increases from 50 to 170 μm, the ratio rqV
reduces from 902 to 445 kW/m3. For this reason, the membrane
should be as narrow as possible. Fig. 8 shows also the effect of the
solution LiBr mass fraction at the absorber inlet. Similarly to the
membrane thickness, its effect on the chiller dimensions is pro-
nounced. When it is varied from 0.54 to 0.62, the ratio rqV increases
from 302 to 921 kW/m3.
Fig. 9 shows the inﬂuence of cooling water and solution mass
ﬂow rates on rqV. Solution ﬂow rate has the greatest inﬂuence. With
respect to the base case, if the total solution ﬂow rate is increased
from 0.4 to 1.6 g/s, rqV increases from 736 to 891 kW/m3. However,
the same change in the cooling water ﬂow rate only increases the
ratio rqV from 826 to 851 kW/m3. The effect of the vapour mass ﬂow
rate on the absorber dimensions is negligible.
The wall properties separating the cooling water and the solu-
tion are also important parameters, mainly regarding thickness, as
observed in Fig. 10. When it is varied from 0.6 to 3 mm, the ratio
rqV decreases from 1128 to 802 kW/m3. For this reason, special care
should be taken to reduce as much as possible the wall thickness.
In the present work, the thermal conductivity, varying between 7.5
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and 25 W/mK, has a negligible inﬂuence on the absorber power
density.
Inlet temperatures of the working ﬂuids have shown to be im-
portant parameters in the performance of absorbers. As presented
in Fig. 11, solution inlet temperature has a strong effect on the ab-
sorber compactness. When it is reduced from 50 °C to 30 °C, the
cooling power of the chiller equipped with an absorber of 1 m3
volume increases from 188 to 899 kW, i.e., approximately 35 kW/°C.
Regarding the cooling water inlet temperature, its effect is slightly
less important. If the inlet temperature decreases in the range from
32 to 20 °C, the corresponding cooling power increases from 755
to 938 kW, i.e., approximately 15 kW/°C.
In absorption chillers, vapour might be superheated at the outlet
of the evaporator. The inﬂuence of the superheating is analysed in
this parametric analysis, and a negligible effect on the cooling power
per unit of absorber volume is obtained. For this reason, no special
care has to be taken to avoid superheating. The effect of vapour pres-
sure on the ratio rqV is shown in Fig. 12. As observed in the ﬁgure,
pressure has an important effect on the absorber dimensions. When
it is increased from 0.8 to 1.6 kPa, the cooling power of the chiller
equipped with an absorber of 1 m3 volume increases from 589 to
1540 kW, i.e., approximately 1189 kW/kPa.
In the parametric analysis, the solution and the cooling water
channels width, ls and lcw , are modiﬁed independently, in the ranges
shown in Table 3. The inﬂuence of the cooling water channel width
on the ratio rqV is negligible. However, there is a noticeable effect
of the solution channel width on the ratio rqV as observed in Fig. 12,
more pronounced at widths smaller than 0.6 mm. It rises from 567
to 832 kW/m3 when the width increases from to 0.15 to 1.5 mm.
The height of the solution and the cooling water channels di-
rectly affects the dimensions of the chiller. Fig. 13 depicts how the
channels height modiﬁes the ratio rqV. Once more, it is shown that
the parameters associated to the solution have the strongest inﬂu-
ence. In this case, when the solution channel height is reduced from
1.5 to 0.15mm, the ratio rqV increases from 276 to 832 kW/m3. Small
depth channel provides small solution thickness, which reduces the
solution mass transfer resistance. As it is also observed, the inﬂu-
ence of the solution channel height is more pronounced at smaller
sizes. When changing the cooling water channel height, if it is modi-
ﬁed in the same range as the solution channel height, the ratio rqV
only increases from 688 to 832 kW/m3.
The relative inﬂuence of all the parameters considered in the
present work is considered in Fig. 14. The weight of each parame-
ter is represented in terms of the total percentage change produced
in the ratio rqV, respect to the base case, when the parameter is varied
in the range shown in Table 3. The maximum change is obtained
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when the vapour pressure is modiﬁed, showing the sensitivity of
the absorber dimensions to the evaporator pressure. In practice, this
pressure is limited by the ﬁnal use of the chiller, the comfort con-
ditions of the conditioned rooms and the type of cool air distribution
system. As observed in Table 3, a percentage increase in rqV of near
85% is obtained if vapour pressure is increased until 1.6 kPa. A de-
crease of about 30% corresponds to a pressure of 0.8 kPa.
The following most important parameters, in order of decreas-
ing importance, are the solution inlet temperature, membrane
porosity, solution inlet concentration, membrane pore diameter,
depth of the solution channels andmembrane thickness. All of them
are responsible of total percentage changes higher than 60% when
they are modiﬁed in the range given in Table 3. Regarding param-
eters associated to the absorber operation, the solution inlet
temperature and concentration can be optimised. The ﬁrst one
should be lowered as much as possible, using a solution subcooler
at the inlet of the absorber, while the second one has to be in-
creased up to themaximum value that prevents from crystallisation.
Regarding the design parameters, at the design stage, membrane
porosity and pore diameter are recommended to be increased as
much as technically possible. The membrane thickness and the so-
lution channel depth should be as thin as possible. The importance
of decreasing the solution channel depth was experimentally veri-
ﬁed by Isfahani and Moghaddam [7], showing an increment in the
absorption rate when the depth was reduced from 160 to 100 μm.
The thickness of the wall between the solution and the cooling
water channels is the next parameter in importance, as repre-
sented in Fig. 14. In this case a percentage variation of near 40% is
obtained in rqV if the thickness is modiﬁed in the range shown in
Table 3. Again, this is a design parameter to be considered at the
construction phase. Techniques to reduce as much as possible the
wall thickness are recommended to be employed.
Next important parameters, in decreasing order in Fig. 14, are
the solution channel width, cooling water inlet temperature, solu-
tion mass ﬂow rate and cooling water channel depth. During the
operation of the chiller, the coolingwater inlet temperature is limited
by the recooling systems, so it has to be optimised. Also, the solu-
tion mass ﬂow rate should be increased as much as possible. For
optimising the design of the absorber, the solution channel width
should be as wide as possible and the cooling water channel depth
should be as thin as viable.
Finally, design and operating parameters that less inﬂuence the
absorber performance are: thermal conductivity of the wall, cooling
water ﬂow rate, vapour inlet superheating, cooling water channel
width, vapour ﬂow rate and thermal conductivity of the mem-
brane. No special efforts have to be taken to optimise these
parameters because their change in the ranges given in Table 3 pro-
duces a total percentage change of rqV lower than 4%.
It is important to note that values of rqV given in the present work
correspond to a simple module, as represented in Fig. 1. If the ab-
sorber is constructed forming a parallel system, in such a way that
the vapour and cooling water channels are shared by the adjacent
modules, the ratio rqV can be increased almost twice.
5. Conclusions
In the present paper, a parametric study has been developed to
analyse the impact of design and operating conditions on the per-
formance of a miniaturised membrane based-absorber. The aspect
ratios evaluated for the solution and the cooling water channels vary
between 1 and 10. The ratio between the cooling power of the chiller
and the absorber volume is the selected parameter to bemaximised.
The following conclusions have been derived:
• At the design stage of the membrane absorber, the most rele-
vant parameters in decreasing order of importance are: porosity
and pore diameter of the membrane, solution channels depth,
thicknesses of the membrane and of the interface wall between
the solution and the cooling water, solution channels width and
cooling water channels depth. The porosity and pore diameter
of the membrane and the solution channel width should be as
high as possible. The solution channels depth, the thicknesses
of the membrane and of the wall separating the solution and the
cooling water and also the cooling water channels depth should
be reduced as much as reasonable.
• During operation of the absorber, also in decreasing order of im-
portance, special care should be taken to select the adequate
vapour pressure, solution inlet temperature and concentration,
cooling water inlet temperature and solution mass ﬂow rate. The
vapour pressure, the solution inlet concentration and the solu-
tion mass ﬂow rate should be as high as technically viable. The
solution and cooling water inlet temperatures should be reduced
as much as possible.
• The remain parameters (thermal conductivity of the wall, cooling
water ﬂow rate, vapour inlet superheating, cooling water channel
width, vapour ﬂow rate and thermal conductivity of the mem-
brane) have a negligible inﬂuence on the absorber size
optimisation.
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Nomenclature
A area (m2)
Cp speciﬁc heat (kJ kg−1K−1)
Dh hydraulic diameter (m)
dp membrane pore diameter (m)
dz discretisation length (m)
e height or thickness (m)
h convective heat transfer coeﬃcient (W m−2K−1)
i speciﬁc enthalpy (kJ kg−1)
J absorption rate (kg m−2 s−1)
k thermal conductivity (W K−1m−1)
K mass transfer coeﬃcient (kg Pa−1m−2 s−1)
Kn Knudsen number, Kn dp= λ
l width (m)
L total length of channels (m)
m mass ﬂow rate (kg s−1)
M molecular weight (kg mole−1)
Nu Nusselt number, Nu hD kh=
P pressure (Pa)
Pr Prandtl number, Pr C kp= μ
q thermal power (W)
R mass transfer resistance (kg−1 Pa m2 s)
Re Reynolds number, Re uDh= ρ μ
rqV ratio between the cooling power and the absorber volume
(kW m−3)
Ru universal gases constant (J mole−1K−1)
T temperature (°C)
u velocity (m s−1)
U global heat transfer coeﬃcient (W m−2K−1)
V volume (m3)
x lithium bromide mass fraction (kgLiBr kgs−1)
z axial coordinate (m)
z* dimensionless axial distance, z z RePrDh* = ( )
Greek symbols
α channel aspect ratio (always ≥ 1), α = l e .
β reduced thermal polarisability
ΔT vapour inlet superheating (°C)
ε porosity (−)
φ fractional volume of the solid material
λ mean free path (m)
μ viscosity (Pa s)
Ξ Ackermann factor
ρ density (kg m−3)
τ tortuosity
Φ heat transfer rate factor
Subscripts
a absorber
cw cooling water
e evaporator
g generator
i inlet
K Knudsen
lv liquid–vapour
m membrane
o outlet
ov overall
P Poiseuille
s solution
sat saturation
T total
th thermal
v vapour
va vapour absorbed
w wall
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